Osmotic nephrosis, a disease caused by intravenous infusion of various fluids such as hypertonic sucrose and isotonic polysaccharide-based plasma volume expanders, exhibits specific histopathological features, including vacuolated and swollen proximal tubules, ie, "clear tubules". Pre-existing kidney injury exacerbates this condition, resulting in major clinical problems. However, the underlying mechanisms are unclear. Animal models often yield results that are directly translatable to humans. Therefore, in this study, we performed detailed histopathological analyses of the formation of clear tubules in rats treated with gentamicin or ischemia/reperfusion (IR) operation followed by dextran administration. The results showed that clear tubules may originate from regenerative tubules. Additionally, we classified regenerative tubules into 3 categories based on their development, with a particular focus on the middle and late stages. Comprehensive microarray and real-time polymerase chain reaction analyses of mRNA extracted from regenerative tubules at each stage using laser microdissection revealed that regenerative tubules in the middle stage showed an imbalance between dextran absorption and metabolism, resulting in accumulation of dextran, particularly in the cytoplasm of the tubules. Overall, our findings demonstrated that clear tubules originated from regenerated tubules and that tubules at the middle stage became clear tubules because of an imbalance during their development. This could explain why osmotic nephrosis is exacerbated in the presence of kidney lesions.
Osmotic nephrosis is a disease caused by intravenous infusion of hypertonic fluids, such as hypertonic sucrose, mannitol, and radio contrast medium (Dickenmann et al., 2008; Nomani et al., 2014; Pucelikova et al., 2008) . Intravenous infusion of isotonic polysaccharide-based plasma volume expander, eg, dextran and hydroxyethyl starch, which are in widespread clinical use, is also one of principal causes of osmotic nephrosis (Bhatt et al., 2011; Dickenmann et al., 2008; Wiedermann and Joannidis, 2014) . The disease is associated with nonspecific histological findings characterized by intracytoplasmic vacuolization in proximal tubular epithelial cells in the kidneys rather than a specific entity (Dickenmann et al., 2008) . Severely affected tubules exhibit a swollen appearance and possess a cytoplasm containing isometric fine vacuoles and displacement of the nuclei to basal part of the cells (Dickenmann et al., 2008) ; these structures are called "clear tubules". Ultrastructurally, the vacuoles can be identified as lysosomes containing causative agent reabsorbed into tubular cells by means of pinocytosis (Bhatt et al., 2011; Dickenmann et al., 2008; Wiedermann and Joannidis, 2014) . Clear tubules reflect that fused and enlarged lysosomes are filled in the cytoplasm, indicating overaccumulation of causative agent due to excess degradation capacity of the lysosomes (Dickenmann et al., 2008) . Prior to detailed observation by electron microscopy, clear tubules were considered to result from an osmotic gradient between renal tubular lumen and cytoplasm (Dickenmann et al., 2008) . This etiology is currently reviewed, but the term "osmotic nephrosis" still remains in clinical setting and toxicological study. Therefore, Dickenmann et al. (2008) described that the term "accumulation of proximal tubular lysosomes due to administration of exogenous solutes" may be more appropriate.
In general, functional and structural alterations in osmotic nephrosis are mild and completely reversible. However, osmotic nephrosis sporadically progresses to severe acute kidney injury or irreversible end-stage kidney failure in patients harboring kidney injuries owing to various causes, such as nephrotoxic side effects of medication, hypoxic conditions, and diabetes mellitus (Dickenmann et al., 2008; Economidou et al., 2011; Finn, 2006; Nomani et al., 2014) . Accordingly, there are now major concerns regarding treatment with infusion fluids in patients with pre-existing kidney injuries, and further studies are necessary to elucidate the mechanisms of osmotic nephrosis and the causes of lesion progression. Although it is likely that impairment of lysosome degradation capacity leads to overaccumulation of causative agents in tubular cells, resulting in exacerbation of osmotic nephrosis (Dickenmann et al., 2008; Nomani et al., 2014) , the detailed mechanisms underlying these processes have not been elucidated.
In experimental animals, treatment with causative agents of osmotic nephrosis induces varying degrees of intracytoplasmic vacuolization in proximal tubules in the kidney, the morphologic characteristics of which are almost identical to those in humans (Healing et al., 2016; Ishikawa, 1988; Maunsbach et al., 1962; Merski and Meyers, 1985; Rees et al., 1997) . Interestingly, lesions related to renal function are also exacerbated in animals with pre-existing kidney impairment caused by treatment with nephrotoxic drugs or ischemic/reperfusion (I/R) operation (Glaumann, 1977; Hirata et al., 1977; Jensen et al., 2013; Linkermann et al., 2013; Rowe et al., 2016; Uchimoto et al., 1994) , indicating that this animal model could be a promising tool to explore the etiology of the exacerbation of osmotic nephrosis.
In this study, we aimed to investigate the characteristics of osmotic nephrosis and the cause of disease exacerbation by pre-existing kidney injury. To this end, morphological and molecular pathological analyses were performed using rats given dextran after treatment with gentamicin or I/R operation. From this analysis, we confirmed exacerbation of dextran-induced osmotic nephrosis in the presence of kidney lesions induced by gentamicin. In addition, morphological analysis allowed us to hypothesize that the origin of clear tubules was regenerative tubules. Because regenerative tubules develop from immature to mature tubules based on morphological and functional alterations (Basile et al., 2012; Berger et al., 2014; Humphreys et al., 2016; Maeshima et al., 2015) , we classified regenerative tubules into 3 categories and identified the tubules at the middle and late stages based on their fully formed cytoplasm. Next, we compared mRNA levels of various genes extracted from regenerative tubules at the middle and late stages in rats after I/R operation and performed immunohistochemistry analysis of several functional proteins. Characterization of regenerative tubules in the developmental process could facilitate the identification of the most sensitive tubules for the formation of clear tubules and explain the etiology of osmotic nephrosis and its exacerbation in the presence of kidney lesions.
MATERIALS AND METHODS

Chemicals
Gentamicin sulfate was purchased from Sigma-Aldrich (St Louis, Missouri), and dextran (average molecular weight: 40,000 Da) was obtained from Wako Pure Chemical Industries (Osaka, Japan).
Experimental Animals and Housing Conditions
The protocols for the animal experiment were approved by the Animal Care and Utilization Committee of the National Institute of Health Sciences. Specific pathogen-free 5-week-old male Sprague-Dawley rats and 9-week-old female F344/NSlc rats were obtained from Charles River Laboratories Japan, Inc. (Kanagawa, Japan) and Japan SLC (Shizuoka, Japan), respectively. All animals were acclimated for 1 week prior to testing and were maintained under controlled temperature (23 C 6 2 C), relative humidity (60% 6 10%), air changes (12 times/h), and lighting (12-h light/dark cycle) conditions with free access to a basal diet (CRF-1; Oriental Yeast Co., Ltd, Tokyo, Japan) and tap water. At the end of each experiment, the rats were euthanized by exsanguination via transection of the abdominal aorta under deep anesthesia.
Animal Treatment Experiment 1. The experimental protocol is shown in Figure 1A . Twenty-four 6-week-old male Sprague-Dawley rats (230-270g) were randomly divided into 4 groups (n ¼ 6). The first group received daily intraperitoneal injections of gentamicin at 125 mg/kg (5 ml/kg) for 6 days, followed by daily intravenous injection of dextran at 4000 mg/kg (20 ml/kg, 2 ml/min) for 14 days. The dose of dextran was determined based on the results of the preliminary study in which the maximum dose that can be administered was intravenously injected to rats, and a few clear tubules were formed in the kidneys (data not shown). The second group was treated with gentamicin under the same conditions as the first group, followed by daily intravenous injection of saline for 14 days. The third group received daily intraperitoneal injections of saline for 6 days, followed by treatment with dextran under the same condition as the first group. The fourth group received daily intraperitoneal injections of saline for 6 days, followed by daily intravenous injections of saline for 14 days as a control group. Kidneys from all rats were fixed in 10% neutral-buffered formalin and routinely processed by preparing hematoxylin and eosin (H&E) specimen.
Experiment 2. The experimental protocol is shown in Figure 1B . Eighteen 10-week-old female F344/NSlc rats (130-150 g) were divided into 6 groups (n ¼ 3). In order to perform unilateral I/R surgery, the rats were anesthetized with inhaled anesthesia using isoflurane, and unilateral renal ischemia was induced by nontraumatic vascular clamps over the pedicles of the left kidney. Two groups of rats were subjected to unilateral renal ischemia for 120 min and sacrificed at 3 days after reperfusion. The other 2 groups of rats were subjected to unilateral ischemia for 90 min and sacrificed at 7 days after reperfusion. Two groups of sham rats underwent anesthesia and laparotomy only and were sacrificed after 7 days. Half of the rats subjected to each operation received a single intravenous injection of dextran at 4000 mg/kg (20 ml/kg, 2 ml/min), and the other half received a single intravenous injection of saline at 1 day before sacrifice. At necropsy, the left kidneys of all rats were sampled for histopathological examination as described for experiment 1.
Experiment 3. Twelve 10-week-old female F344/NSlc rats (130-150 g) were divided into 3 groups (n ¼ 4). The rats were subjected to unilateral ischemia for 120 or 90 min and sacrificed at 3 or 7 days after reperfusion, respectively. The remaining group underwent sham operation and was sacrificed after 7 days.
At necropsy, a portion of the left kidneys of all rats was sampled as described for experiment 1 for histopathological examination using H&E and Periodic acid-Schiff (PAS) staining with additional immunohistochemical analysis. The remaining kidney tissues were cut into pieces, embedded in O.C.T. compound (Sakura Fintech Japan, Tokyo, Japan), and stored at À80 C for cDNA microarray and real-time reverse transcription polymerase chain reaction (RT-PCR). Additionally, c-glutamyltranspeptidase (GT) activity of normal proximal tubules and regenerative tubules was histochemically demonstrated on cryosections using L-glutamyl-4-methoxy-b-nephthylamide (Polysciences, Ltd., Warrington, Pennsylvania) as previously described in Matsushita et al. (2015) .
Immunohistochemistry
The following primary antibodies were used; mouse monoclonal antibodies against proliferating nuclear cell antigen (PCNA; PC10, 1:100; Dako Denmark A/S, Glostrup, Denmark), mouse monoclonal antibodies against vimentin (V9, 1:50; Dako Denmark A/S), and mouse monoclonal antibodies against aquaporin-1 (1/22, 1:100; Santa Cruz, Dallas, Texas). The sections were incubated with each primary antibodies at 4 C overnight, followed by incubation with a high polymer stain (HISTOFINE Simple Stain; Nichirei Bioscience Inc., Tokyo, Japan). Visualization was performed using 3, 3'-diaminobenzidine tetrahydrochloride.
Laser Microdissection O.C.T.-embedded frozen kidneys were cut into 10-mm thick sections on a cryotome (Leica Microsystems, Wetzlar, Germany) followed by H&E staining. A Leica laser microdissection (LMD) 6000 LMD system (Leica Microsystems) was used to capture the normal and regenerative tubules. Regenerative tubules were distinguished from normal proximal tubules based on their high nuclear density ( Figure 5A ).
RNA Isolation, Quality Control, and Amplification
Total RNA was extracted using an RNeasy Micro Kit (Qiagen GmbH, Hilden, Germany). The concentration and quality of total RNA were analyzed using a UV-VIS spectrophotometer (NanoDrop, Thermo Fisher Scientific, Waltham, Massachusetts) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California). RNA integrity number (RIN) was used as an index of RNA degradation. Extracted total RNA showing a RIN value of over 8.0 was amplified and synthesized into SPIA cDNA using an Ovation PicoSL WTA System V2 (NuGEN, San Carlos, Colorado) for cDNA microarray and real-time PCR analysis.
cDNA Microarray SPIA cDNA were labeled with cyanine-3 dye using a SureTag Complete DNA Labeling Kit (Agilent Technologies). cDNA concentration, dye incorporation and quality were analyzed using a UV-VIS spectrophotometer and an Agilent 2100 Bioanalyzer. Fluorescently labeled cDNA was hybridized to Agilent 4x44 K whole rat genome microarray gene expression chips following the manufacturer's protocol (Agilent Technologies). Hybridized microarray chips were then scanned using an Agilent Microarray Scanner (Model G256BA; Agilent Technologies). Feature Extraction software (Agilent Technologies) was employed for image analysis and data extraction processes. Normalization of gene expression data and filtering probe sets by expression levels, flags, and errors were performed using GeneSpring software (Agilent Technologies). Differences in gene expression between the normal proximal renal tubule and middle-or late-stage regenerative tubules were extracted by statistical analysis (analysis of variance, cutoff value: p < .05; multiple testing corrections: Benjamini-Hochberg false-discovery rate) and fold change (> 2.0 or < À2.0). Hierarchical clustering analysis and gene ontology (GO) analysis (cutoff value: p < .05) were performed for extracted genes. Graphical schematic of the experimental protocol. A, In experiment 1, male 6-week-old Sprague-Dawley rats were treated with gentamicin (Gm) or saline for 6 days followed by dextran (Dx) or saline treatment for 14 days. All rats were sacrificed on day 21, and the effects of kidney injury on the formation of clear tubules in the kidney were investigated by histopathological examination. B, In experiment 2, female 10-week-old F344 rats were subjected to unilateral ischemia/reperfusion (I/R) or sham operation. Rats that underwent unilateral ischemia treatment for 120 or 90 min were sacrificed on days 3 or 7 after reperfusion, respectively. Shamoperated rats were subjected to laparotomy only. All rats were administrated dextran (Dx) or saline on day 1 before sacrifice, and clear tubule formation in regenerative tubules with different stage of differentiation in the kidneys was investigated by histopathological examination.
Real-Time PCR All PCR assays were performed with primers for rat Pcna, Ccna2, Ccne1, Aqp1, Aqp6, Slc5a1, Eea1, Lamp1, Lamp2, Ggt1, Cyp2e1, Cyp1a1, Agl, and Gaa from Agilent Technologies. TaqMan Rodent GAPDH Control Reagents were used as an endogenous reference. PCR was carried out in an Applied Biosystems 7900HT FAST Real-Time PCR System using TaqMan Fast Universal PCR Master Mix and TaqMan Gene Expression Assays (Life Technologies). The expression levels of target genes were calculated by the relative standard curve method and were determined by normalization to GAPDH expression. Data were presented as fold-change values of middle and late regenerative tubules relative to those of the normal proximal renal tubules.
Statistics
Statistical analysis was performed using statistical software Pharmaco Basic (Scientist Press Co., Ltd., Tokyo, Japan). All animal experiments were conducted once. The data for the number of regenerative tubules and clear tubules per area in experiment 1 (n ¼ 6) and mRNA expression levels in experiment 3 (n ¼ 4) were represented as means 6 SDs and analyzed by Tukey's test on raw data. Differences with p values of < .05 were considered significant.
RESULTS
Clear Tubule Formation in Injured Kidneys
In experiment 1, a number of regenerative tubules were observed in rats given gentamicin alone (Figure 2A ). Dextran induced diffuse vacuolation in the proximal tubules and a few clear tubules in the cortex ( Figure 2B ). In rats cotreated with gentamicin and dextran, the incidence of clear tubules was increased compared with that in rats given dextran alone, whereas the incidence of regenerative tubules was decreased in comparison with that in rats treated with gentamicin alone (Figs. 2C-E) . Based on the morphological and functional changes in regenerative tubules during differentiation into mature renal tubules, we classified regenerative tubules into 3 stages (early, middle, and late stages), as shown in Figure 3 . Immediately after dedifferentiation, regenerative tubules had scant and spindleshaped cytoplasm, similar to mesenchymal cells (early stage, Figure 3B ). Regenerative tubules gradually redifferentiated and showed characteristic basophilic flattened cytoplasm in the middle stage ( Figure 3C ). High nuclear density with mitotic figures and slight nuclear atypia were also observed during this stage. During the late stage of redifferentiation, regenerative tubules exhibited well-developed eosinophilic cytoplasm with high nuclear density ( Figure 3D ). In experiment 2, middle-stage regenerative tubules appeared predominantly at day 3 in the kidneys of rats treated with saline ( Figure 4A ). Similarly, a number of late-stage regenerative tubules were observed on day 7 in the kidneys of salinetreated rats ( Figure 4A ). Dextran treatment induced diffuse vacuolation in the normal proximal tubules of sham rats ( Figure 4B ). A number of clear tubules were observed on day 3, and diffuse vacuolation of the epithelium during the late stage was observed on day 7 in rats subjected to I/R operation followed by dextran treatment ( Figure 4B ).
Global Gene Expression Analysis by cDNA Microarray
Under the cut-off value condition of p < .05 and a fold-change of at least 2, 5722 genes in the middle stage (upregulated: 2609, downregulated: 3113) and 1719 genes in the late stage (upregulated: 935, downregulated: 784) showed differential expression compared with that in normal tubules. In hierarchical clustering analysis ( Figure 5B ), the heatmap clearly showed differences in global gene expression profiles among normal tubules, middle-, and late-stage regenerative tubules. In addition, the gene expression profiles during the late stage were similar to those of normal tubules rather than those of middle-stage regenerative tubules.
GO terms in gene sets showing up-or downregulation during the middle and late stages were sorted by corrected p values (Supplementary Tables 1-4 ). There were 585 GO terms in the upregulated gene set for the middle stage, 138 GO terms in the downregulated gene set for the middle stage, 410 GO terms in the upregulated gene set for the late stage, and 157 GO terms in the downregulated gene set for the late stage. The top 5 cell cycle-related GO terms in the upregulated gene set for the middle stage and the top 5 GO terms related to transporters or metabolism in the downregulated gene set for the middle stage were extracted, and the numbers of up-and downregulated genes included in each GO term were counted. The results showed that the number of upregulated genes related to cell proliferation was increased, whereas the number of downregulated Representative images of the kidneys of rats that underwent ischemia/reperfusion (I/R) or sham operation followed by treatment with saline (A) or Dx (B). Middle-and late-stage regenerative tubules appeared predominantly in the kidneys of rats at 3 and 7 days after I/R injury, respectively. Dx induced diffuse vacuolation in the epithelium of proximal tubules in the kidneys of sham-operated rats. Clear tubules were diffusely observed in the kidneys of rats at 3 days after I/R. Diffuse vacuolated late-stage regenerative tubules were observed at 7 days after I/R.
H&E staining (A and B).
genes related to transporters and metabolism was markedly decreased in the middle stage (Figs. 6A-C) . The results of late-stage showed similar results, although these fluctuations were not as dramatic as those in the middle stage (Figs. 6D-F) .
Quantitative Real-Time PCR for Analysis of mRNA Expression With Histopathological Analysis Vimentin protein was highly expressed in the middle-stage regenerative tubules and weakly expressed in late-stage regenerative tubules ( Figure 7A) . A number of PCNA-positive nuclei were observed in the middle stage, but there were no obvious differences between late-stage and normal tubules ( Figure 7B ). mRNA expression of cell cycle-related genes, ie, Pcna, Ccna2, and Ccne1, was significantly increased in middle-stage regenerative tubules compared with that in normal tubules ( Figure 7C ).
PAS-positive brush borders were weakly detected in the middle stage and incompletely formed in the late stage ( Figure 8A ). Protein expression of aquaporin 1 was markedly decreased in the middle stage compared with that in normal tubules and was only weakly detectable in the late stage ( Figure 8B ). The mRNA expression of transporter-related genes, ie, Aqp1, Aqp6, and Slc5a1, was significantly decreased in the middle stage compared with that in normal tubules, whereas late-stage tubules showed significantly lower expression than normal tubules but higher expression than middle-stage tubules, with significant differences ( Figure 8C ). The mRNA expression of Eea1 and Lamp1 was significantly decreased in the middle and late stages, with a slight increase in the late stage compared with that in the middle stage ( Figure 8C ). The mRNA expression of Lamp2 showed similar results, although there were no significant differences ( Figure 8C ). c-GT activity was almost absent in the middle stage and only weakly detectable during the late stage ( Figure 9A ). mRNA expression of metabolism-related genes, ie, Ggt1, Cyp2e1, and Cyp1a1, was significantly decreased in middle-and late-stage regenerative tubules compared with that in normal tubules ( Figure 9B ). The mRNA expression of Agl was markedly decreased during the middle stage, and late-stage regenerative tubules showed lower expression compared with that of normal tubules but higher expression than that of middle-stage regenerative tubules, although there were no significant differences ( Figure 9B ). Middle-stage regenerative tubules showed decreased expression of Gaa mRNA compared with that of normal tubules, whereas late-stage regenerative tubules exhibited A, Sampling of regenerative tubules by laser microdissection (LMD). B, Heatmap analysis showed that gene expression profiles of normal tubules and middle-and late-stage regenerative tubules were obviously distinguishable, whereas that of late-stage regenerative tubules was more similar to that of normal tubule than that of middle-stage regenerative tubules.
higher expression than that in middle-stage regenerative tubules and normal tubules, although there were no significant differences ( Figure 9B ).
DISCUSSION
Several in vivo studies using rodents have demonstrated morphological and functional exacerbation of osmotic nephrosis by pre-existing kidney injury, as observed in humans (Glaumann, 1977; Hirata et al., 1977; Jensen et al., 2013; Linkermann et al., 2013; Rowe et al., 2016; Uchimoto et al., 1994) . In this study, we investigated the etiology of progression of osmotic nephrosis in injured kidneys using an animal model; we performed detailed histopathological analysis of the formation of clear tubules in the kidneys of rats treated with gentamicin. Whereas regenerative tubules were observed with a significantly higher incidence in rats given gentamicin alone, diffuse vacuolated proximal tubules and a few clear tubules were found in rats given dextran alone. In contrast, in the kidneys of rats treated with gentamicin followed by dextran, the incidence of clear tubules was significantly increased compared with that in rats treated with dextran alone, and the incidence of regenerative tubules was significantly decreased compared with that in rats given gentamicin alone. Based on these results, we concluded that clear tubules originated from regenerative tubules and that the observed pathology resulted from overaccumulation of dextran in the cytoplasm of regenerative tubules.
The morphology of regenerative tubules varies based on their degree of differentiation (Frazier et al., 2012) . Therefore, to identify regenerative tubules vulnerable to clear tubule formation, we classified regenerative tubules based on morphology into 3 categories (early, middle, and late stages), as shown in Figure 3 . Because the cytoplasm is extremely immature during the early stage, we focused on regenerative tubules at the middle and late stages as the origin of clear tubules. To achieve this, we selected an appropriate animal model in which regenerative tubules at the middle or late stage each predominantly appear and then compared the degree of clear tubules formed for each stage. Accordingly, we used a rat model with I/R kidney injury because a single mechanistic stimulus was expected to induce regenerative tubules at a similar stage in a time-dependent manner. As expected, a number of regenerative tubules were observed at the middle and late stage on days 3 and 7 after I/R, respectively. In addition, dextran treatment following I/R induced a number of clear tubules on day 3 and diffuse vacuolation of regenerative tubules at the late stage on day 7, indicating that regenerative tubules at the middle stage underwent the formation of clear tubules. Figure 6 . GO analysis showed that cell cycle-related genes were upregulated, whereas transporter-and metabolism-related genes were downregulated in regenerative tubules, particularly during the middle stage. During the middle stage, the number of genes included in GO terms related to the cell cycle was increased (A), and the number of genes included in GO terms related to transporters (B) and metabolism (C) was markedly decreased. Although late-stage regenerative tubules showed similar tendencies as middle-stage regenerative tubules in terms of expression of cell cycle-(D), transporter-(E), and metabolism-(F) related genes, the fluctuations were minor compared with those in the middle stage. * , **Corrected p < .05, .01.
Renal tubular epithelial cells possess huge regeneration potential, enabling reconstruction of nephrons following kidney injury (Basile et al., 2012; Berger et al., 2014; Humphreys et al., 2016; Maeshima et al., 2015) . After insult, surviving cells are dedifferentiated into immature regenerative tubules and exhibit a mesenchymal phenotype, such as proliferative and migration activities. Subsequently, immature regenerative tubules undergo differentiation into mature renal tubular cells accompanied by morphological and functional changes. As shown in this study, overaccumulation of dextran in the cytoplasm of regenerative tubules resulted in the formation of clear tubules. Therefore, it is likely that the physiological function of regenerative tubules, such as reabsorption and degradation, contributes to the formation of clear tubules (Dickenmann et al., 2008) .
The physiological functions of regenerative tubules at the middle and late stages were investigated by cDNA microarray analysis using samples collected by LMD. In hierarchical clustering analysis, global gene expression profiles of normal tubules and regenerative tubules at the middle and late stages were clearly distinguishable. Regenerative tubules at the late stage had characteristics more similar to those of normal tubules than regenerative tubules at the middle stage. In GO analysis, there were differences in expression profiles of cell proliferation-, transporter-, and metabolism-related genes in each renal tubule. In particular, in regenerative tubules at the middle stage, a number of cell cycle-related genes were upregulated, whereas transporter-and metabolism-related genes were downregulated. Regenerative tubules at the late stage had gene expression profiles similar to those observed during the middle stage, although the fluctuations were minor. Previous reports of global gene expression analysis using whole kidney tissues have demonstrated upregulation of cell cycle-related genes and downregulation of transporter-and metabolism-related genes during regeneration after I/R injury (Kim et al., 2011) , consistent with the present data. To confirm fluctuations in mRNA levels in various genes identified by microarray analysis, we performed real-time PCR analysis of representative genes related to the cell cycle, transporters, and metabolism and histopathological examinations of the corresponding proteins. The results of real-time PCR analysis of cell cycle-related genes and immunohistochemistry for detection of PCNA and vimentin, a marker of dedifferentiated renal tubules (Kusaba and Humphreys, 2014) , showed that regenerative tubules at the middle stage were poorly differentiated with high cell proliferative activity. Although regenerative tubules at the late stage showed weak expression of vimentin protein, the labeling indices of PCNApositive cells were almost the same as those in normal tubules. PAS-positive brush borders, a site of reabsorption from the luminal side via a number of transporters (George et al., 2017) , were almost absent from regenerative tubules at the middle stage and were barely detectable during the late stage. Consistent with these data, mRNA expression levels of genes related to water and glucose transport and immunohistochemical expression of aquaporin 1 protein were markedly decreased during the middle stage. Those at the late stage showed lower expression than in normal tubules, but higher expression than at the middle stage. Similarly, c-GT enzymatic activity and mRNA expression of genes related to metabolism of intracytoplasmic amino acid and xenobiotics showed the same patterns as the above-described parameters. The overall data implied that reabsorption and metabolism capacities of both types of regenerative tubules did not reach the levels of mature tubules. In particular, regenerative tubules at the middle stage remained in the immature state in terms of cellular functions. Overall, to elucidate the phenomena observed in the present animal model using dextran, specific genes for reabsorption of dextran in proximal tubules from the luminal side by pinocytosis were investigated (Dickenmann et al., 2008) . Dextran is a mixture of glucose polymers mainly composed of the a-1, 6-linked D-glucopyranosyl backbone modified with small side chains of D-glucose branches with a-1, 4-linkages (Neely, 1960) , which could be degraded by the glucosidase targeting the a-1, 6 bond, ie, amylo-alpha-1, 6-glucosidase encoded by Agl, and the a-1, 4 bond, ie, acid alpha-glucosidase encoded by Gaa (Kuramori et al., 2009; Lee et al., 2013; Watanabe et al., 2006; Yamasaki et al., 2007) . The present data demonstrated that the mRNA expression levels of both genes were downregulated in regenerative tubules at the middle stage, and their quantitative relationships between the middle stage and normal tubules or the middle and late stages were identical to other parameters. Therefore, we concluded that the imbalance between the reabsorption and degradation capacities of regenerative tubules at the middle stage was responsible for vulnerability of the tubules to the formation of clear tubules.
Although no studies have elucidated the morphological and functional characteristics of regenerative tubules in the kidneys of humans during redifferentiation, there are some common features between regenerative tubules of humans and rodents, such as vimentin expression and high proliferative activity (Johansson, 2014) . The transformation of renal tubules into regenerative tubules is thought to occur via a common pathway during renal tubular injury, regardless of the underlying primary disease, such as toxic insult, ischemic condition, and diabetes mellitus (Zhou et al., 2016) . Thus, the mechanisms underlying the exacerbation of osmotic nephrosis in the presence of kidney injury identified in the present study using an animal model could apply to humans.
In conclusion, the mechanisms underlying exacerbation of osmotic nephrosis in the presence of kidney injury were found to involve increased immature regenerative tubules, resulting in an imbalance between the reabsorption and degradation capacities for the components in infusion fluids.
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